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PARTICLE BED REACTOR
MODELING

® PRESENT THERMAL-HYDRAULIC
SYSTEM MODELING TOOLS B&W USES
FOR NTP SYSTEMS

= FOCUS ON PARTICLE BED REACTOR
TECHNOLOGY AND THERMAL
HYDRAULIC METHODS.

ViewOan:‘-PuﬂcleBadRaebrModali.n;

Tbepmponvflhhdisunﬁmixbmbmmw-hydmlkqmmth&Wmhmw
propulsion systems. nvmmeumu:mummmwnnmmmmmw»mn. These
havereceivedq)echlmﬁmbyNASAlndolhenwbofedlhnthmﬂ-hydnulicnﬁdin.iucﬁdedinnfornuchﬂmm
propuision systems,

'!‘llePBRdedmhumeivedpuﬁculumﬂnyduetomnﬁmupﬁmwhwﬂwcamol is achieved with this
technology. I plan to clear up these misunderstandings today,

The preacatation will cover some of the challenges of PBR mum.:mecmmwpnyﬁmmmmw.m&
anclndewilhmmnuofmlylum:;uwpmhwphyonymnwin;.
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PBR CORE CROSS SECTION

View Graph 5 - Radial Cross Section of Particie Bed Reactor

This view graph shows a radial cross section view of the reactor system we will be discussing today. This system is a generic
particle bed reactor sysiem made up of 37 fucl clements as shown by the red circles. The blue area surrounding the fuel elements
are hexagonal moderator blocks. Some of the holes shown in the blocks are for propeliant flow through the moderator.

This core is surrounded by a reflector and twelve control drums which are in tum surrounded by a pressure vessel. Details
of particie bed reactor sysiems were presented in several papers at this workshop and won't be covered here.
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PBR BLEED CYCLE

H2 TANK

MODERATOR
HOT BLEED ~ - ,/:‘L‘EELMENT
WITH MIX

View Graph 6 - PBR Bleed Cycle

y or nozzie wall flow paths,

mpmpdlmluiuthemodernmlndilcolleaedlnlplenmnnbnvelhem. It is then sent through the fuel element and

exits the engine via the nozzle. Tmoulaunpaatummnovnimllyvayhi;hbmimhhighlsn Mach oumber is about
0.25 at the outlet,

Fwwmucfmnnddin;ﬂmmmmmwhid\mmllydiwmndmﬂydmeuymulmdm«mlmu
of compuler codes and basic data for evaluation. These include the entire particle bed reactor rocket sysiem, including turbo-pump
assemblies, m:yﬂnmoddiuwwnolbedimsedm:emdly. The other two areas are fluid flow in the entrance and exit
plemmsofmelucbrly*mmdﬁm"ynndelin;ofﬂnidﬂnwﬂimghtbeplniclebedﬁddemem.
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FUEL AND MODERATOR FLOW
PATHS
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View Graph 7 - Fuel Element Flow paths

Thhinviewofnpmiclebedﬁnelelememwithﬂowpmushnwnbym. The red hatched (outes) area is the moderator
m(ion;lhomn;euuhthe!udbedmdthegmnmlheinnnu(lm)lndoutct(cold)friuﬂmholdmﬁdpuﬁcm.

Alypicnlpuhhumenlcﬁngnmemxlmlorlocoolit.lhmﬁolp&enumlllhemmmddeoﬂhefuelelemem.or
directly into the fuel element. Orificing of the clement can be done at either the moderator entrance or the fuol element entrance.

mmanenthecoldfrllwhichiullheouurmnuluxofﬂiemeldemt. then passes through the fuel bed, and hot frit
where it tums and flows out the outlet channel.

Target outlet temperatures are high to maintain high specific impluse. Much number is approximately 0.25 at the outlet.
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PBR MODELING REQUIREMENTS

® 1. FLUID FLOW THROUGH A PARTICLE
BED

u2. COMPRESSIBLE AND
INCOMPRESSIBLE FLOW
u3. SINGLE and TWO-PHASE FLOW

u4. COUPLES FLUID FLOW and SOLID
HEAT TRANSFER

View Graph 8 - PBR Modeling Requirements

mamdum-mmiumhmwumunwmm.mmu. This has
mmmwmmmmnwmummmmnmuymm

UndallomnlMymopernﬁmdlﬁwisapechdlobeﬁubphue.mmﬂemmnwmm
Mmcﬁummmmmmmhmm.

Compuhreodunndmethod:lrmelin; this sysiem will nced scparate fued particle and fluid flow modeling to cover the
complex thermal-hydrauli dynami d in the fue! bed.
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PBR MODELING REQUIREMENTS,
Cont.

B RANGE OF SINGLE TO
MULIT-DIMENSIONAL MODELING

B TRANSIENT AND STEADY-STATE
ANALYSIS

View Graph 9 - PBR Modeling Requiremonts (Continued)

‘The computer codes used to analyze the fuel element will need multi-dimensional capabilities. The aystems leve! analysis will
use primarily one-dimensional techniques. Both transient and steady state analysis will be required to cover the wide range of
operating and accident modes.
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CHARACTERISTICS OF PBR and
NTP MODELING

® 1. FUEL ELEMENT FLOW-TO-POWER
MATCH

82. REACTOR FLOW-TO-POWER MATCH

®3. BED TO COLD FRIT HEATING
EFFECTS

View Graph lO-MOfPBR“N’I'PMoHin‘
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CHALLENGES FOR PBR and NTP
MODELING

= 1. START UP TRANSIENTS

= 2. DECAY HEAT

= 3. THROTTLING CONDITIONS
= 4. ACCIDENT TRANSIENTS

= 5. PRE-TEST PREDICTIONS

= 6. COMPONENT HEATING

View Graph 11 - Challenges for PBR and NTP Modeling

msvhwmuulnmnbuoflppﬁuﬁmofnndelin;muim for a PBR reactor. ‘These also include use of modeling
xudedmu“ hulshu:pa’fomdn;pon-mevdm Examples of system analyses for Decay Heat cooling and Start Up Transients
presented .
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THERMAL HYDRAULIC
COMPUTER CODES

* 1. OTV ENGINE - B&W

—PARTICLE BED FUEL ELEMENT DESIGN
SPECIFIC

* 2, TEMPEST - BATTELLE NORTHWEST
~ GENERAL 3-D CFD ANALYSIS
= 3. SAFSIM - SANDIA
—NETWORK SYSTEMS ANALYSIS CODE
= 4. SINDA/SINFLO-NASA
— DETAIL THERMAL ANALYZER

View Graphs 12:21 - Thermal Hydraulic Computer Codes, Code Capabilities and Limitations

mmummmum)«w-hmlkmwhkhblnbmundhquforMy:ilo(NTP
systems, along with some of their capabilities and Hmitations. ‘l‘imcdwn’ullowafu@ldlnuuhndhmvhwm-dh

meiﬂnoﬁee&nlwidenngeofoodumlimdhutn‘mtyphllylsinlhcodeorcodelymmwiﬂmp!widethe
mﬂﬁmdwﬁumfmmﬁnﬂcfoﬂwﬁdevmayofmhﬁm mummmmtormmemm
thﬂm«dmmaﬂyﬁlm
liheSAFsleiuberaplpeﬂownMﬂovpllu. TMmutﬁ-dimﬁuuleodulikeTﬂMPBS’rueroeremenl
analysis.

mdumlpodh&aﬁmofvhynhmenurﬂuofoodumund. in

ﬁSAmWMMMMMyWMMWMMMMMﬂMMm
by B&AW to date, aithough we are currently in a program wevalunethueodebemunoﬁumy promising festures. This code
ﬁllumbylwmﬁmhumﬁy. Hmlyltmuwmwmmﬁwm“dmhm. Two-

Phase capability will be required to analyze off nominal transient and/or accident conditions.
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CAPABILITIES FOR
PBR/REACTOR APPLICATION

mOTV-ENGINE

—PROVIDES "NOMINAL" FUEL ELEMENT
DESIGN CONDITION

> SPATIAL FUEL TEMPERATURE

~ PROVIDES "OFF-NOMINAL" DESIGN
CONDITIONS

THERMAL/HYDRAULIC CODES,
cont.

= 5. ANSYS - SWANSON, INC.
—~DETAIL THERMAL CODE FOR
COMPONENT AND LOOP ANALYSIS
= 6. NEST - B&W
—TRANSIENT ANALYSIS OF COUPLED
NEUTRONICS,
THERMAL-HYDRAULICS
= 7. ATHENA - INEL
~1-D TRANSIENT OR STEADY STATE
SIMULATION OF SPACE REACTORS

NP-TIM-92 591 NTP: Systems Modeling



CAPABILITIES, cont.

mTEMPEST
—MULTI DIMENSIONAL CFD ANALYSIS
~ALLOWS ANALYSIS OF ACTUAL DESIGN

~ADDRESSES COMPLEX THERMAL/FLOW
mSAFSIM

—REACTOR AND ENGINE SYSTEM
mSINDA

- GENERALIZED CONDUCTION AND 1-D
CIRCUIT FLOW SPLIT MODELING
CAPABILITY

CAPABILITIES, Cont.

BANSYS
- PERFORMS GENERALIZED DETAIL
HEAT TRANSFER ANALYSIS

— PROVIDES GENERAL COUPLED
FLOW/CONDUCTION HEAT TRANSFER

FOR SPECIFIED (KNOWN) FLOW
REGIONS

mNEST
—EVALUATION OF SYSTEM CONTROL

NTP: Systems Modeling 592
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LIMITATIONS

mOTV-E
—STEADY STATE
~NO REACTOR PHYSICS
—NO CONDUCTION (gas or solid)
~NO GENERAL FEATURE CAPABILITY
- CHANNEL APPROACH TO FLOW (1-D)

LIMITATIONS, cont.

RTEMPEST
~NO REACTOR PHYSICS
= LIMITED TO ORTHOGONAL CURVELINEAR
GEOMETRICS AT PRESENT

—TIME STEP LIMITED TO "MATERIAL-
COURANT

RSAFSIM

=TIME STEP LIMITED TO "MATERIAL-
COURANT"

=PSEUDO MULTIDIMENSIONAL (1-D FLOW,
NETWORK HEAT TRANSFER)
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LIMITATIONS, cont.

= NEST
= POINT KINETICS
- QUASI-STEADY FLUID FLOW
BSINDA
~MODEL DEFINITION IS TEDIOUS
—=FLOW IS INCOMPRESSIBLE

—NO SPECIFIC PROVISION FOR FLUID FLOW
THROUGH PARTICLE BED

- STEADY STATE

LIMITATIONS, cont.

EANSYS
- STEADY STATE FLOW
—INCOMPRESSIBLE FLOW ONLY

=LACKS SPECIALIZED CORRELATION
CAPABILITY (FRICTION, FILM
COEFFICIENT, etc.)

=PSEUDO MULTI-DIMENSIONAL (1-D
FLOW, 3-D HEAT TRANSFER)

BALL CODES LISTED ARE SINGLE PHASE -
WILL NEED TWO PHASE CAPABILITY

NTP: Systems Modeling 594
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PHYSICAL CORRELATIONS

®SPECIFIC CORRELATIONS FOR
PARTICLE BED
= FILM COEFFICIENTS - ACHENBACH
—FRICTION COEFFICIENT - ERGUN

u FUEL ELEMENT COMPONENTS (COLD
& HOT FRITS)

—MODIFY GENERALIZED
CORRELATIONA FOR SPECIFIC
APPLICATION BASED ON
EXPERIMENTAL DATA

View Graph 22 - Physical Correlations

The next two view graphs provide some information on the second major component of sysiems modeling - the validity and
demmlnulono{unphyﬁulmm:mdcomhﬁomuxedfornmlimo{nncym. These view graphs show weil known
correlations that have been used in particle bed modeling. They also identify the need for experimental verification of this data.
B&W has performed many of the experiments required to verify this data.
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MODIFIED CORRELATIONS

= EXAMPLES

—MODIFY ERGUN CORRELATION FOR
COLD FRIT

= FRICTION FACTORS FOR BLOWING
AND SUCTION FLOW

— PARTICLE BED CONDUCTIVITY -
ZEHNER AND BAUER

View Graph 23 - Modified Correlations

Some examples of correllations thet have been modified are shown here. They inclade friction coefficients for cold frits,
fruonmmmummmumuwcmmu«mmmumum.
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Comparison of Predicted Friction
Factor and Experimental Data

1.6E46
Experimental
-
- Data
1.2E+6 _Design
E ~ Correlation
<)
BE+5 Modified Ergun
4E+5 t L
3E+5 S5E+5 1E+6 2E+6
Re/Dp (1/m)

View Graph 24 - Comparison of Predicted Friction Factor And Experimental Data
Thi:viewMllaunpuimoflpmdicwdfricﬁmfnmwnﬂnﬁonof:wu(ww)fﬁ(umwadbﬂndqign
correlation determined from eaperimontal data taken at B&W'a Alliance Research Center, In this case, air was flowed through typical
mmhcmrdfﬁuﬁmdmmmmupuform. ‘This plot is & measure of the normalized friction factor as a function
of Reynolds number. As you can see the design correlation, which has an accuracy of plus or minus 10%, is approximately 30 to
405higtuthmdnlheoretialfﬁcdmmmmdmnnmmwimhwkymmnumbe.

In addition 10 tests of cold frit, B&W has used experi I data for friction factors ing blowing and suction flow in
therudelumtlmulumdlu\faplmﬂotpufomin;mmpuﬂchbedmdwﬁmy. As shown on the previous view graph,
MWmnﬂymthMmm&wfupuﬂchMMucﬁvity. This correlation was not developed for PBR
applications and therefore will be experimentaily verified.
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FRIT PRESSURE DROP TESTING
WITHH,, AIR, and N,

TEST CONDITIONS

P 3.2MPa

T 294K

Re/Dp Kexp-Kcalc

(%)
Gas (10 I/m) Kexp(10) Kealc(10) —Keale
Air 5.08 5.51 5.43 +1.5
Air 5.02 5.36 5.48 -2.2
] 5.38 5.25 5.19 +1.2
5.38 5.27 5.19 +1.5
N 5.04 5.39 5.47 -1.5

VieanﬂuZS-PﬁanDmpTuﬁng

mwhdmmmdmdwmulm(w)&mhy&m.&unhm. In thi
nember and

]
mhdu-uuhuhﬁmmnn ndwmumqnmdiﬂuntunumhym
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i

COLD FRIT FLOW-TO-POWER
MATCHING
o T e | !
, | ;

View Graph 26 - Cold Frit Flow-To-Power Matching

Bdmawemhmdeayhmmolin;,weﬂnﬂdﬂmlwwwecommlﬂwbmmhpwunmmﬂopumon’ The view
gnphdunmmthemumﬂlemmﬂowinwﬂxewle(co&d)fﬁtmwmtchmewnmdinﬁmﬁminotdenoobn.in
1 constant outlet temperature. mmw-ﬂowded;nhbubnnnmkoomept.
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COLD FRIT MASK FACTOR
With Azimuthal Power Variations

¥

7z

' View Graph 27 - Cold Prit Mask Factor - Azimuthal Variation

lnmbmﬂuwwminmhwiommhm(wld)fﬁt.ﬂhﬂmumﬁquxu‘ubwmrﬁt
such that the flow maiches the power. hmm;uhmunwm:mmm

mmmmmm‘mmmmmaimumm The three curves are for the
mm.mmmm)msmumﬁu Thess differences acoount forﬂteuimmhlwiaﬁmmhdmu
pmdmedbyhndﬂdmpiuwminlhonwhr.

Thenutuiuolviewuq:hswilllbowmnruuluoflndylhpufonmI‘ordeuyhut(ldlin;emditﬁm)wmnp
conditions in a particle bed reactor.
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Decay Heat Flow Rate

Average Flow Rate During Decay Heat Cooling Average Flow Rate During Decay Heat Cooling
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View Graph 28 - Decay Heat Flow Rate

This view graph shows a typical evaluation of the propellant fow rate required after shut-down to cool a particle bed reactor
under decay heating caused by the gamma and beta radiation being emitted by nuclear fuel after shut-down. The scenario used for
deayhatcooliui:lonuiminlﬂ\muledovetﬂowofpmpelllnlIu'lppmximudylheﬁmlmueonduﬂermut-dwnloimm
8 cool geometry. The flow is graduaily decreased 1o match the declining power output of the core until the 10% flow plstcau is
reached. This flow is maintained constant for a while due 1o stability considerations which | will discuss later. The sysiem then
converts to pulse cooling similar 1o that planned for the NERVA engine. Pulse cooling continues through approximately 10,000
seconds or until the system gets to approximately one to two percent of full power. At this point & long-term closed cycle cooling
sysiem would be used o keep the reactor cooled through some type of closed loop system. This system would radiate the small
excess heat 1o space. kawgnphontheﬂmlupIotohhemptedidndﬂowlothaopdmumtbwneededformhptm.
lnthhanopﬁmumﬂwmdbemﬂwmhdloeuulymbhnwlo:yuemhenme. As you can see there is a spike
where the actual flow exceeds the optimum flow by approximately five times for a shost period of time to accommodaie instability
limits.

It should be noted that the numbers shown here were obtained with analysis of a single fuc! element. They do not account

for flow splits in the total system. Also no mechanical analysis were performed to determine the effects of thermal cycling during
pulsed cooling.
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Stability Regimes
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View Graph 29 - Stability Regimes

This view graph shows two presentations of the same data. The one on the left using a log scale for the “x* axis and the one
on the right using a linear scale for the “x” axis, m'y'mhlmﬁnWquWhMMmNBWA

mmummmmw.mmuummmmwuﬁammm. .mwmim
is where there are powential flow instabilities. Inhmﬂmm.mwmhmlymmmhym
cooling and 13 not & factor in the operating regions.

Mvm.mwmmmmuwammmummnummmmumyuu
flow instabilities. mmmummwwmmnmwmmwm. The open
muwnmaummmqmmwmmmwmmumw
TBMPEST. mauuyﬂndedmdmmﬁmmm‘wﬂchusy-nhnlmmm&mm
codes. Inthine-amuuhmownmmuomrpmuim. Insicad we are predicting a gradually increasing
probability of flow maldistribution. The actual tegion of instability would have to be verified by experiment because of these
uncertainties. Mmmmmmdwumnlﬂdimmmmmmm

Wenudlomm:tthishno(onlynPBRpmbletn-allmmmnwillneed\omnmdneimﬂityﬁmiumm
flow/high delta T conditions.
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STARTUP TRANSIENT
SIMULATION

£ 2| % POWER s 5 %FLOW
s o ~ —1 £ HWORTH
g; SYSTEM RHO ($) i 4 )

i )

TIME(SEC)

View Graph 30 - Start-up Transient Simulation

TIME(SEC)

This view graph gives a representative example of an analysis performed for the start-up of a particle bed reactor. This
analysis was done with B&W's NEST computer code sysiem. It was performed 10 evaluate the unusually high reactivity insestion
from flowing cold hydrogen during start-up of the system. In particular it was being used 1o evaluate the effectiveness of the control
mechanisms to mitigate the large insertion of positive reactivity into the sysiem during start-up. These slides show the percent power,
percent hydrogen flow, hydrogen worth, and reactivity change of the sysiem versus time over a period of approximately twelve
seconds. This anaiysis shows the sysiem can achicve and maintain design power.

The start up scenario used here is "dry". The reactor is taken crilical before hydrogen flow is initiated. As hydrogen starts
\oﬂwmmufmuﬂelunumhmovedloovemnelheposmvemncﬁvhyimaﬁoncumdbyhydm.nuﬂow. Another set of
control elements, with different characieristics from the first, is used to control power. The control algorithm controls %o a demand
Martup period while constrained by maximum power versus flow requircments which are shown in this viewgraph.
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PHILOSOPHY OF SYSTEMS
MODELING

= THE PROOF OF THE PUDDING IS IN THE
TESTING
= LEARN FROM EXPERIENCE
~SKYLAB and HUBBLE

= SYSTEMS MODELING IS A GUIDE FOR
PERFORMANCE AND TESTING. IT IS NOT
THE FINAL WORD

View Graph 31 - Philosophy of Systems Modeling

miupnenludmdeorphilomphthudlmmmoddhgﬂmunmhmnﬁndbvﬁrymm“
M(Mwmtm.mﬂmudwyﬁdmwmmuwm).

mmwma;mfmmumnm':wmm. Skyl&wdunaddwhlnd
because data from other vehicles was ignored. nisisnuinWhpickmNASA,Mmo&umuhnduﬁhr
tales 10 teil. MmpichdbeunaeﬂzymmmtormaﬂlyldanﬁﬁedbyNAsA.
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SUMMARY

a CHALLENGES OF PBR MODELING AND
SYSTEM ANALYSIS

a COMPUTER CODES
= PHYSICAL CORRELATIONS

®RESULTS OF ANALYSIS FOR DECAY HEAT
COOLING AND STARTUP

a PHILOSOPHY OF SYSTEMS MODELING

View Graph 32 - Summary

In summary this presentation has covered the characteristics and some challenges of Particle Bed Reactor modeling. It covered
the major components of modeling; Computer codes, physical correlations used, a test philosophy, and selected results of decay heat
cooling and start-up analyses.

Finally, there was an appeal o all of us to keep in mind the necessity of obtining experimental data to verify sysiems
performance and systems models.
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FINAL THOUGHTS

ENOBODY BELIEVES THE ANALYSIS
EXCEPT THE ANALYST

REVERYBODY BELIEVES THE

EXPERIMENT EXCEPT THE
EXPERIMENTALYST

» Seen on NASA wall

u"PAPER REACTORS, REAL REACTORS"
Admiral Hyman Rickover - 1953

View Graph 33 - Final Thoughts

In parting, l'llluvaywwilh!hexwdlwhichmuanonuNASAullpoluduinglneuuvidtblhellmuville
Space Center. lmwmhmwmmﬂmﬁmilmﬂonmwﬁwnlmuﬁﬂd‘mmw

ﬁmhvenud-neddgniﬁmdyhlhewyunninumismwﬁm. Thi:exwptanhewnmnﬁndby-yluﬂn'm
reactors always run betier (han real reactors®.
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PAPER
REACTORS,
REeAL
REACTORS

Admiral Hyman Rickover,
The Journal of Reactor
Science and Engineering,
June 1953

NP-TIM-92

An academic reactor or reactor plant almost always has the
lollowing basic characteristics: 1) X is simple. 2) It is small, Jn
is cheap. 4) It is fight. 5) it can be bui very quickly. 6) X is very
flexible in purpose. 7) Very little development is required. It wil
use mostly off-the-shelf components. 8) The reactor is in the
study phase. i is not being built now.

On the other hand, a practical reactor plant can be
distinguished by the following characteristics: 1) i is being built
now. 2) It is behind schedule. 3) R is requiring an immense
amount of development on apparently trivial items. Corrosion, in
particular, Is a problem. 4) It is very expensive. 5) It takes a
long time to build because of the engineering development
problems. 6) Rt is large. 7) It is heavy. 8) It is complicated.

The tools of the academic reactor-designer are a piece of
paper and a pencil with an eraser. f a mistake is made, it can
always be erased and changed. If the practical-reactor designer
errs, he wears the mistake around his neck; it cannot be
erased. Everyone can see i.

The academic-reactor designer is a dilettante. He has not
had to assume any real responsibility in connection with his
projects. He is free to luxuriate in elegant ideas, the practical
shortcomings of which can be relegated lo the category of
“mere technical details.” The practical-reactor designer must
live with these same technical details. Although recalcitrant and
awkward, they must be solved and cannot be put off unti
tommorrow. Their solution requires manpower, time and money.

Unlortunately for those who must make far-reaching
decisions without the benefit of an intimate knowledge of reactor
technology, and unfortunately for the interested public, it is
much easier to get the academic side of an issue than the
practical side. For a large part those involved with the academic
reactors have more inclination and time 1o present their ideas in
reports and orally to those who will listen. Since they are
innocently unaware of the real but hidden difficulies of their
plans, they speak with great facility and confidence. Those
involved with practical reactors, humbled by their experiences,
speak less and worry more.

Yet it is incumbent on those in high places to make wise
decisions and it is reasonable and important that the public be
correctly informed. It is consequently incumbent on all of us 1o
state the facts as forthrightly as possible.
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